Oslo, Cleveland, and La Jolla
In 1979, a young Norwegian researcher, Tore Henriksen, got in touch with our laboratory asking whether he could come to La Jolla to learn more about lipoproteins. He and his colleagues in Oslo had observed that under certain conditions, LDL was highly toxic for endothelial cells in culture, leading to cell death in just 24 hours. 1 Almost simultaneously and independently, Chisolm and coworkers in Cleveland made very similar observations. 2 Both groups noted that addition of whole serum or purified high-density lipoprotein to the medium completely prevented the toxic effects of the LDL, but the mechanism(s) involved remained unclear. Henriksen arrived in La Jolla in the summer of 1980 and demonstrated to us how drastically LDL affected the cultured cells. We agreed that the phenomenon was worth studying but urged him to first try to determine what, if anything, was happening to the LDL during the course of these incubations.
La Jolla and New York
In 1979, about the same time that Henriksen applied to come to our laboratory, one of us (D.S.) had applied to Zanvil Cohn at the Rockefeller University for a Visiting Scientist appointment to come to New York and learn something about macrophage biology. Concurrently, one of Cohn's fellows, Eileen M. Mahoney, had applied to come to our laboratory in La Jolla to learn more about lipoproteins. In short, there was a felicitous game of musical chairs in which no one was left without a seat! Mahoney went to work with Henriksen, and they quickly showed that the LDL isolated at the end of the incubation with endothelial cells was very different from the LDL that went into the incubation. It was much denser and had acquired a much greater negative charge. 3 The extent of the changes depended on the concentration of LDL added and the duration of the incubation. The increase in density was quite dramatic, increasing to more than 1.063 in some studies, ie, to a density like that of high-density lipoprotein. 4, 5 The agarose gel electrophoretic mobility of the modified LDL almost doubled, and notably, the whole peak shifted without much broadening. Later studies would show that the increased net negative charge reflected mainly the masking of lysine amino groups on apolipoprotein B (apoB). The drastic increase in hydrated density was due to loss of cholesteryl esters and hydrolysis of (oxidized) phospholipids.
Dallas and La Jolla
In that same year, 1979, Goldstein et al 6 published their surprising finding that peritoneal macrophages in culture take up and degrade native LDL but that they do so very slowly, too slowly to account for foam cell generation under the conditions tested. Because LDL is the primary source of the lipids in foam cells, Goldstein et al postulated that LDL must undergo some structural modification in vivo and that this modified form was what the macrophage took up. They found that chemically acetylated LDL was taken up avidly enough to make foam cells. However, acetyl-LDL itself had not (and still has not) been demonstrated in vivo, so the hunt was on for a biologically generated form of LDL that might behave biologically like acetyl-LDL.
Endothelial Cells Convert LDL to a Form
Recognized by a Macrophage Scavenger Receptor(s) One plausible hypothesis was that proteins or other compounds released from the damaged and dying endothelial cells were attaching to the LDL, thus increasing its density and making it a ligand for the macrophage receptors that recognized EC-modified LDL. However, no such conjugation could be demonstrated.
Another possibility was that enzymes released from the dying endothelial cells were chewing up the LDL. We tried incubating LDL with various enzymes and combinations of enzymes but could not replicate the changes that led to macrophage recognition. 7 A possibility we seriously considered early on was oxidative modification. In 1983, the Cleveland Clinic group presented convincing evidence that oxidative changes were essential for converting LDL to the cytotoxic form. 8 However, Henriksen had carried out incubations in nitrogenwashed flasks, and the EC modification appeared to be just as extensive as it was under oxygen. That same year, one of our new postdoctoral fellows came to us puzzled because his incubation of LDL with endothelial cells had yielded no modification. Another postdoc, Urs Steinbrecher, pointed out that the new postdoc had used Dulbecco's modified Eagle's medium rather than the Ham's F-10 medium we had been using routinely. He noted that Dulbecco's modified Eagle's medium contains lower concentrations of copper and other transition metals than Ham's F-10 and that supplementing Dulbecco's modified Eagle's medium with copper restored the EC modification, indicating that copper catalyzed oxidation was involved. We showed that EC modification was blocked by addition of EDTA, vitamin E, or a low concentration of whole serum. 9 In retrospect, Henriksen's flasks washed with nitrogen must have still contained enough oxygen to support the oxidative conversion of LDL to EC-modified LDL. Thus, "EC-modified LDL" became "oxidatively modified LDL" (OxLDL). OxLDL was the first biologically plausible modification that could resolve the paradox originally pointed out by the Brown and Goldstein laboratory.
Inhibition of Atherogenesis in LDL Receptor-Deficient Rabbits by Probucol, an Antioxidant
Chance again played a key role in pointing us to probucol as an ideal agent for testing our hypothesis in animal models of atherosclerosis. At the time, probucol was in fairly broad use in the clinic for lowering plasma LDL levels, but its mechanism of action remained unknown. A visiting scientist, Marek Naruscewicz, had undertaken a series of studies aimed at clarifying probucol's mechanism of action, starting with measurements of LDL flux in LDL receptor (LDLR)-deficient rabbits. Meanwhile, Sampath Parthasarathy was continuing his studies on the mechanisms of oxidative modification of LDL. One day he was given some labeled LDL by Naruscewicz and got almost no in vitro modification! Yes, he had obtained LDL that had been harvested from a probucoltreated rabbit. We quickly were able to show that probucol was indeed a potent inhibitor of LDL oxidation. 10 (Note that the LDL-lowering effect of probucol does not depend on its antioxidant properties.) In any case, here was a drug already approved for clinical use and already reported to have some effectiveness in human atherosclerosis, even in patients who lacked LDLRs. 11 We decided to plunge right ahead to see whether it worked in our LDL-receptor deficient rabbit model. Meanwhile, Toru Kita and his colleagues in Japan, impressed by the efficacy of probucol in patients with homozygous familial hypercholesterolemia and by our 1986 article on probucol as an antioxidant, started their independent studies at almost the same time. Both laboratories showed that probucol strongly inhibited the atherogenic process in WHHL rabbits. 12, 13 These findings were confirmed in a number of laboratories using various animal models and using several different antioxidants (reviewed in Steinberg 14 ) . Over the next decade, a wealth of cell culture and animal model evidence was published that supported involvement of LDL oxidation in the pathogenesis of atherosclerosis (reviewed in Steinberg et al 15 ) . By 1991, the strength of that evidence was such that a panel of experts convened by the National Heart, Lung and Blood Institute unanimously recommended initiation of clinical trials. 16 Currently, PubMed lists 5877 manuscripts indexed under "oxidized LDL" and 2639 under "oxidized LDL and atherosclerosis." Space considerations preclude any detailed consideration of the extensive literature documenting the effectiveness of antioxidants in inhibiting atherogenesis in animal models, as well as all the new developments in the field that describes the impact of oxidation on other lipoproteins, such as high-density lipoprotein, but a number of more recent reviews are available. 14, [17] [18] [19] [20] [21] [22] What Is the Physiological Role of the Scavenger Receptors?
While we were focused on the role of scavenger receptors in atherosclerosis, we had to stop and ask why they were there at all. After all, atherosclerosis exerts no selective genetic pressure one way or the other, because it becomes a significant disorder only after the reproductive years are over. Besides, the macrophages of rabbits and mice, species that never spontaneously develop atherosclerosis, also express these receptors. 23 Sambrano went on to show that apoptotic thymocytes, like oxidatively damaged red blood cells, bound tightly to macrophages and that this binding was inhibited almost 50% by OxLDL. 24 We postulated that the scavenger receptors on the macrophage are there to recognize and phagocytose apoptotic and necrotic cells and that these receptors recognize the same or similar ligands on OxLDL (discussed in detail below).
Which of the Candidate Scavenger Receptors Play Important Roles in Atherogenesis?
The acetyl LDLR discovered by Brown et al 25 was cloned by Kodama in the laboratory of Monty Krieger 26 and renamed scavenger receptor A-1. That same year, Carl P. Sparrow, a postdoctoral fellow in our laboratory, compared the binding and uptake of acetyl LDL and OxLDL by mouse peritoneal macrophages. 27 He showed that OxLDL binding and uptake could not be accounted for by the acetyl LDLR alone. In fact, most of the binding of OxLDL was not competed for by acetyl LDL, and he concluded that "there is more than one macrophage 'scavenger receptor' for modified lipoproteins." 27 At about this time we made an observation that seemed highly promising but turned out to be a red herring. Elke Ottnad, one of our postdoctoral fellows, was on the hunt for the putative second macrophage scavenger receptor and identified a 94-to 97-kDa membrane protein that bound OxLDL with very high affinity on a ligand blot. 28 Acetyl LDL, on the other hand, did not bind tightly. We went on to identify this binding protein as macrosialin (analogous to human CD68). 29, 30 However, try as we might, we never could get clear-cut evidence for functionality. CD68 bound OxLDL tightly on ligand blots, but it was simply not the "missing" OxLDL receptor. That had already been discovered by Endemann et al in 1993 and identified as CD36. 31 Subsequent studies leave little doubt that CD36 accounts for most of the binding and degradation of OxLDL by macrophages in culture. 32, 33 
An Unexpected Turn in the Road Leads Us to Investigate the Role of the Immune System and Inflammation in Atherogenesis
In 1982 and 1983, we were trying to assess how much of LDL degradation in vivo was occurring via the specific LDLR pathway and how much via alternative pathways. The landmark studies of Brown and Goldstein led to the prediction that in humans, 66% or more of the clearance of LDL from plasma occurred via the LDLR pathway. To test this hypothesis, Shepherd et al had injected cyclohexanedione-modified LDL into patients along with native LDL. 34 Because lysine residues of apoB were required for the interaction of apoB with the LDLR, it was reasoned that if one blocked enough lysine residues chemically, the clearance of the modified LDL would represent LDLR-independent clearance. In comparison with the clearance of native LDL, which is a sum of LDLR-specific and -nonspecific clearance, one could calculate that portion due to the LDLR pathway. This earlier study suggested that only 33% of clearance was due to the LDLR pathway. 34 However, it was subsequently shown that in vivo the cyclohexanedione modification of lysines was reversible.
In our laboratory, we had shown that nonenzymatic glucosylation of apoB, in the presence of the reducing agent cyanoborohydride, covalently and irreversibly blocked many lysine residues and drastically reduced the affinity of glu-LDL for the LDLR, making it a useful "reagent" for quantifying LDLR-independent uptake in vivo. 35, 36 Antero Kesaniemi injected native and glu-LDL into normal subjects, which allowed us to calculate that up to 75% of LDL clearance was accounted for by the LDLR pathway, in agreement with the Brown and Goldstein predictions. 37 Because it was believed that the LDLR was dysregulated in diabetes, we next injected glu-LDL into diabetic subjects. Whereas the glu-LDL tracer was cleared very slowly in normal subjects, remarkably, in 3 of the 4 diabetic subjects we studied, there was a very rapid clearance of the glu-LDL tracer, which was subsequently shown to be due to autoantibodies (autoAbs) to their own glu-LDL. 38 Indeed, these Abs reacted not only with the glu-LDL but a variety of other similarly glucosylated proteins; that is, the Abs were hapten specific. Together with Linda Curtiss, we injected murine glu-LDL into mice to generate glucitollysine-specific monoclonal antibodies (mAbs), which were very useful for identifying glucosylated proteins in general. 39 Moreover, Steinbrecher went on to show that other subtle modifications of autologous LDL, as opposed to modifications of other autologous proteins, led to an equally robust, hapten-specific immune response. 40 Thus, even simple methylation of autologous guinea pig LDL led to methyllysine-specific Abs when injected into a guinea pig. This set of observations proved of great value in the development of mAbs directed against oxidation-specific epitopes that were subsequently used to prove the presence of OxLDL in vivo in animals and humans.
Looking back, it is remarkable again how lucky we were that the first set of subjects in whom we injected the glu-LDL tracer did not have significant titers of autoAbs to glucosylated epitopes. Indeed, we subsequently showed that not only diabetic subjects but many nondiabetic subjects had such titers, and we became aware of other investigators who had observed rapid clearance of glu-LDL in nondiabetic subjects as well! If in our initial studies we had observed the accelerated clearance of the glu-LDL, we might have assumed that it was due to denaturation of the LDL and never pursued the remarkable immunogenicity of modified forms of LDL, a property that potentially explains many of the features of atherogenesis accompanied by LDL oxidation.
Later, to demonstrate the presence of OxLDL in vivo, we took advantage of the hapten-directed immunogenicity of modifications of LDL. We immunized guinea pigs and mice with autologous OxLDL and malondialdehyde-modified LDL (MDA-1), generating antisera and mAbs to "oxidationspecific" epitopes present on OxLDL. 41, 42 These were used by Wulf Palinski, Michael Rosenfeld and Seppo Ylä-Herttuala, to immunostain atherosclerotic lesions and to show that LDL eluted from the arteries of rabbits and humans contained such oxidation-specific epitopes, as well as all the other physical and biological properties of OxLDL generated in vitro. [43] [44] [45] [46] Furthermore, autoAbs to OxLDL were present on the LDL in lesions as part of immune complexes. 47 These experiments left no doubt that OxLDL was indeed generated in vivo in the artery wall. We further showed that autoAbs to such epitopes were present in humans and were related to the extent of atherosclerosis in animal models and in some epidemiological studies. 43,48 -52 To further understand the potential importance of such immune responses, Palinski immunized rabbits and later mice with a model OxLDL, homologous MDA-LDL, actually expecting this to exacerbate lesion formation. In fact, we found the opposite! The immunization was atheroprotective, 53, 54 and these results were soon confirmed by others (reviewed in other articles 55, 56 ). Indeed, the observation that OxLDL was immunogenic and that the ensuing immune responses were sufficiently important to modulate atherogenesis were of great heuristic value and contributed significantly to then growing awareness of the importance of immune responses in the pathogenesis of atherosclerosis.
Discovery of Concerted Innate Immune Response to Oxidation-Specific Epitopes
The observation that autoAbs to OxLDL existed in murine models of atherosclerosis prompted us to generate hybridomas to OxLDL using splenic cells isolated from cholesterol-fed apoE mice. 42 Together with Linda Curtiss, we generated more than 1,500 viable hybridomas from a single splenic fusion, and a minimum of 33% of these generated IgM mAbs to one or more models of OxLDL, attesting to the profound immunologic response to the abundant oxidation-specific epitopes generated during atherogenesis.
A panel of IgM mAbs was cloned from these hybridomas, designated the "E0" series, that bound to a variety of oxidation-epitopes. Each of these E0 Abs bound to both the lipid and the protein moieties of OxLDL, a surprising finding that forced us to conclude that that they were binding to oxidized lipids and that some of those oxidized lipids had become covalently bound to the apoB. To better understand the nature of these unusual mAbs, Peter Shaw sequenced the genes responsible for the heavy and light chain variable regions responsible for antigen binding. Surprisingly, the genes of all the OxLDL-specific mAbs were "germline" rearrangements typical of true natural antibodies (NAbs). Furthermore, 7 separately cloned NAbs were identical to each other in both the heavy and light chains and identical to the T15 idiotype, an IgA NAb first described 30 years earlier. 57 T15 had been well studied, as it provides optimal protection to mice against lethal infection with Streptococcus pneumoniae. Indeed, T15 had been crystallized with its antigen, phosphocholine (PC), which is present on the bacteria not as a phospholipid but covalently linked to a carbohydrate present on the cell wall polysaccharide. Thus, both T15 and our IgM NAbs-typified by E06 -bound the same PC epitope, present as either the PC headgroup of oxidized phospholipid (PC) or as PC linked to the cell wall of pathogens-a true case of molecular mimicry between Ox-LDL and pathogens.
Sohvi Hörkkö subsequently showed that E06 (or T15) could inhibit the binding and uptake of OxLDL by macrophage scavenger receptors CD36 and SR-B1, implying that the PC headgroup was a ligand for such receptors. 58 NAbs are one arc of innate immunity, and as such they are thought to arise as a result of natural selection. Just as we had reasoned that the scavenger receptors evolved to mediate uptake of apoptotic cells, we reasoned that E06 would bind to such epitopes on apoptotic cells as well. Indeed, Mi-Kyung Chang and Christoph Binder showed that E06 could bind to and inhibit the uptake of apoptotic cells by macrophages in vitro, and together with Judy Berliner and others, showed that the content of OxPL on the surface of apoptotic cells was greatly increased. 59, 60 Thus, in vivo, the PC of oxidized phospholipids serves as a ligand mediating uptake and removal of apoptotic cells, and E06 facilitates this uptake by binding, fixing complement, and mediating removal via complementdependent processes. Chang and Binder subsequently showed that the innate protein C-reactive protein binds to the same PC of OxLDL and apoptotic cells, 61 similar to its known ability to bind to the PC present on the cell wall of S pneumoniae. Thus, PC is both a pathogen-associated molecular pattern and a danger-associated molecular pattern, recognized by multiple pattern recognition receptors of innate immunity, eg, scavenger receptors, NAbs, and pentraxins. Binder showed the potential importance of such interactions by showing that immunization of LDLR Ϫ/Ϫ mice with heat-killed S pneumoniae led to dramatic increases in E06 titers and atheroprotection. 62 Similarly, other oxidationspecific epitopes found on OxLDL, such as malondialdehyde modified-type adducts, for example, are also dangerassociated molecular patterns recognized by their own set of NAbs and other innate proteins and have their analogues on microbes as well. 63 Understanding these relationships helps to explain the involvement of innate immune responses in inflammatory diseases in general and atherosclerosis in particular. It is remarkable that the serendipitous observation of the rapid clearance of glu-LDL not only led to the development of oxidation-specific mAbs that provided crucial evidence of the existence of OxLDL in vivo but helped develop the now widely appreciated importance of both adaptive and innate immune mechanisms in atherogenesis and inflammation, and their potential interactions with the microbial world as well.
Is the Oxidative Modification Hypothesis
Relevant to the Human Disease?
The large clinical trials of antioxidants, most of them using vitamin E or beta carotene, have been resoundingly negative. Meta-analysis of the data from these studies (nϭϷ80,000) shows no benefit at all with regard to cardiovascular outcomes. 19 Do these disappointingly negative results mean that the oxidative modification hypothesis is irrelevant in the human disease? Not necessarily. As discussed recently (see Steinberg 14 and references cited above), there are many reasons these trials may have failed to show an effect even though oxidative modification may be an important element in the pathogenesis of the human disease as it appears to be in many animal models. For example, vitamin E may be the wrong antioxidant in humans. The dosage may have been too low. Importantly, treatment may have been started too late in life. Antioxidant treatment may be beneficial only in some subset of patients, eg, patients subject to unusual oxidative stress. After all, the hypothesis is not that any antioxidant, at any dosage, in any individual will necessarily be effective. The original hypothesis considered that oxidative modification played a quantitatively significant role in the patho-genesis of atherosclerosis in most individuals, but an updated hypothesis might suggest it to be most relevant in those individuals or groups who are under the greatest oxidative stress, such as those with renal failure on hemodialysis or special subsets of diabetic subjects. 64 -66 Of course, the implication is that one day an effective antioxidant intervention will be found that will slow the progress of the disease. Learning how to identify subjects who are under highest oxidative stress and therefore most likely to benefit from effective antioxidant intervention is of major importance if we hope to appropriately test this hypothesis and develop effective therapies. It would be a mistake to ignore the strong scientific basis of the hypothesis and assume prematurely that the human disease is categorically different from that in experimental animals, including the nonhuman primate. 67 
Need for More Basic Research
Despite intensive research on the oxidative modification hypothesis, many fundamental questions remain unanswered to this day. Which of the several candidate enzyme systems for LDL oxidation are the most important in vivo? Does nonenzymatic oxidation play a role? What are the physiological systems that help protect LDL from oxidative damage, and what are the optimal ways to inhibit this oxidation in vivo? What is the ultimate fate of OxLDL? Why does immunization to boost titers of Abs against OxLDL appear to ameliorate atherogenesis, whereas animals and patients with more severe atherosclerosis tend to have higher antibody titers? Is the beneficial impact of immunization due to the humoral immunity itself or to the accompanying cellular responses?
The discovery of the role of oxidation of LDL in atherogenesis and the important immune responses to the oxidationspecific epitopes generated has been a long journey for us, and serendipity has played a major role. For us, it has been an exciting journey, but much remains to be learned. Importantly, it remains to be seen whether these observations on the role of OxLDL in animal models will lead to clinical interventions that can supplement lipid-lowering regimens and add significantly to our ability to control atherosclerosis and its complications.
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